In this work we investigated the nature of the quenching that occurs between different types of 2D materials (WS 2 , MoS 2 and graphene oxide) and oligonucleotide coated-upconversion nanoparticles. This study contributes towards the efficient design of bio-sensors based on 2D materials and DNA-coated upconversion nanoparticles.
INTRODUCTION
In recent years, there has been a growing interest to explore the potential of upconversion nanoparticles for various applications [1] [2] [3] with a focus in biomedicine. 4 Moreover, platforms based on upconversion nanoparticles have been developed for the detection of specific biological targets. 5 Upconversion nanoparticles consist of a host matrix doped with lanthanides. These particles, when excited with near-IR light (low energies), emit at the visible region of the electromagnetic spectrum (high energies). Their optical properties offer various advantages compared to the use of standard emitters, or fluorescent organic dyes, such as the photochemical stability, large stokes shift, absence of photobleaching and, most important, the avoidance of background autofluorescence. 6 Various types of sensors based on the interactions between a fluorescent dye and a quencher have been recently reported for biomolecular detection. [7] [8] Typical examples involve the use of 2D materials as quenchers and organic dyes or nanoparticles as fluorescence sources. [9] [10] [11] [12] In particular, nucleic acids, among other biomolecules, have been reported to interact with various 2D materials and this property has been used to design relevant biosensors. [13] [14] The working principle of this kind of fluorescent DNA sensors is based on the different interaction of dye modified single-stranded DNA (ssDNA) and dye modified double-stranded DNA (dsDNA) with the 2D materials. While the fluorescence of the dye modified single-stranded DNA (ssDNA) is quenched by the 2D materials, once in close proximity, the dye modified double-stranded DNA (dsDNA) does not interact with the 2D materials, and thus, its fluorescence is not quenched. These differences allow the detection of target oligonucleotides. Within this context, our group recently reported the design of a specific sensor for oligonucleotide detection based on the interactions occurring between UCNPs coated with single stranded DNA (UCNPS-ssDNA) and graphene oxide (GO). [15] [16] The efficiency of the quenching is correlated with the adsorption of the oligonucleotides onto the surface of the 2D materials. The nature of the interactions taking place between the ssDNA and 2D material are pivotal to define as to whether quenching will efficiently occur or not. [17] [18] In this work we studied the nature of the interactions taking place between UCNPs-ssDNA and the 2D materials WS 2 , MoS 2 and GO. Initially, hexagonal core-shell UCNPs, which possess enhanced optical properties compared to the parental particles, were synthesized. Then, the surface of these particles was coated with a poly-acrylic acid polymer (PAA) in order to render them water-soluble. The end carboxylic groups on the nanoparticles were further functionalized with different amine-modified oligonucleotides using EDC coupling chemistry. 5 In particular, ssDNA sequences with two different lengths (30 or 40 bases) and different GC content (30% and 40%) were chosen to be used in this study. Then, the oligonucleotide coated nanoparticles were incubated with various concentrations of 2D materials and subsequently in the presence of a DNA denaturing agent. After the analysis by florescence of the different experiments, the kind of interaction taking place between the UCNPs-ssDNA particles and the different 2D materials was elucidated. This information could be used to get a more precise design of biosensors.
EXPERIMENTAL PART

Materials and methods
All chemicals in the experiment were of analytic grade purity and were used without further processing. PBS (tablet, Sigma Aldrich, UK) was used to prepare the buffer accordingly to manufactures' instructions.
UCNPs nanoparticle synthesis
2.2.1
Synthesis of core UCNPs (NaYF 4 : Yb +3 (25%), Er +3 (3%)).
The synthesis was performed according to previously reported methods with some modifications. 19 Briefly, the salts YCl 3 ·6H 2 O (245mg, 0.81mmol), YbCl 3 ·6H 2 O (107mg, 0.28mmol) and ErCl 3 ·6H 2 O (15mg, 0.04mmol) were placed in a 100mL round bottom flask. Oleic acid (6mL, 19nmol) and 1-octadecene (15mL, 2.5mmol) were added to the flask and the solution was stirred under vacuum at 100 o C for 1 h. Then, the mixture was left to cool down and a solution of NaOH (100mg, 2.5mmol) and NH 4 F (150mg, 4mmol) dissolved in 10mL of dry MeOH was added dropwise. The mixture was then stirred for 30 min at RT and it was heated under an argon flow gradually to 130 o C to ensure the complete evaporation of MeOH or water. The temperature was raised to 305 o C at 15 o C/min rate and kept for 1h10min before to cool down the solution at room temperature overnight. The particles were precipitated with EtOH and centrifuged at 2200 rpm for 15min. This process was repeated for three times. After purification, the pellet of the particles (white pale powder) was left to dry at 80 o C for several hours and stored.
2.2.2
Synthesis of core-shell UCNPs (NaYF 4 : Yb +3 (25%), Er +3 (3%) @NaYF 4 ).
The synthesis of core-shell nanocrystals was performed following previously published protocols with some modifications. 5 Briefly, YCl 3 ·6H 2 O (150mg, 0.8mmol) was dissolved in a solution of 15mL of 1-octadecene and 6mL of oleic acid and stirred for 1h under Ar flow at 120 o C. The mixture was cooled down to 40 o C and after that a CHCl 3 (10mL) solution of the nanoparticles formed in section 2.2.1. (150mg) was added dropwise and the mixture heated under an Ar flow to 80 o C (45min) to completely evaporate the CHCl 3 . Then, the mixture was cooled to room temperature under an Ar flux and NaOH (100mg, 2.5mmol) and NH 4 F(150mg, 4mmol) dissolved in 10mL dry MeOH was added dropwise. The temperature was increased gradually to 130°C to ensure evaporation of the MeOH or water. Then the mixture was brought to 305 o C at 15 o C/min rate under a steady Ar flow, left there for 1h 20min and then it was cooled at room temperature overnight. The particles were precipitated with dry EtOH and centrifuged at 2200rpm for 15min. This process was repeated three times. Then the core-shell nanoparticles were collected as white powder, left to dry, and stored as suspension in CHCl 3 .
2.3
Functionalization of UCNPs with ssDNA
Synthesis of UCNPs-PAA particles
Core-shell upconversion nanoparticles were coated with PAA to render them water soluble and appropriate for further coupling with ssDNAs. The experiment was carried out using a well-established ligand exchange method occurring between the oleic acid (OA) and the PAA. 20 Thus in a typical reaction 21mg of UCNPs-OA dissolved in 7mL of THF were added to PAA (0.25g) dissolved in 3mL of THF. The sample was left under stirring for 48h and then centrifuged and washed with EtOH to extract the nanoparticles (16400 rpm and 4 o C for 10 min, 3 times). The particles were resuspended in sterile DNAse/RNAse free Milli-Q water and stored at 4 o C.
Synthesis of UCNPs-ssDNA
The carboxylic groups on PAA coated UCNP were coupled with amine modified oligonucleotides. In a typical reaction 0.5mg/mL of UCNPs-PAA suspended in borate buffer (pH 8.5) were added to 10µl EDC (2.9mg, 0.3M) and 20µl NHS (3.5mg, 0.3M) both dissolved in MES buffer (pH 5.5). The solution was sonicated for 10 min and then 21µl of ssDNA (8.4µM final conc.) were added and the mixture was left under stirring at room temperature overnight. Then the particles were purified via centrifugation (16400rpm and 4 o C for 10 min, 3 times). The UCNPs-ssDNA were resuspended in sterile DNAse/RNAse free Milli-Q water and stored at -20 o C for further use.
Design and Synthesis of ssDNA sequences
Specific sequences were found in the BLAST database https://blast.ncbi.nlm.nih.gov/Blast.cgi under the Genebank accession number AY266290 (Osmtp1), NM_179953.3 (AtACT1), AY145451.1 (HvACT1). To the sense strands a poly-A (10 bases) sequence was added to impart rigidity to the sequence once attached on the particles to minimize the interaction of the single strands with the surface of the particles. Appropriate sequences were then chosen with the following criteria: Length of sense strand: 20-30 bases, melting temperature ~50 °C, GC content ≤ 50 %, E value ≤ 0.05, E value of nearest match > 1. The complete sequences as used for the synthesis of UCNP-ssDNA are reported in the table 1. 
Design of the experiment 2.4.1 Interactions of 2D materials and UCNPs-ssDNA.
UCNPs-ssDNA were sonicated in 1mL of PBS (0.5mg/mL). Then, they were added to known concentrations of 2D materials and the fluorescence was monitored. The upconversion fluorescence and photon measurements were 
CONCLUSIONS
In conclusion, we investigated the interactions between UCNPs-ssDNA and different 2D materials. In particular, we confirmed that the quenching effect between GO and UCNPs-ssDNA is driven by the formation of hydrogen bonds, while the UCNPs-ssDNA do not interact with MoS 2 and WS 2 through hydrogen bonding but probably through van der Walls forces. Also, it is evident that the different length of DNA or the percentage of GC content may influence the strength of interactions between nanoparticles and 2D materials.
